ABSTRACT: The variability in microbial communities (abundance and biomass), bacterial production and ectoaminopeptidase activity, particulate and dissolved organic carbon (POC, DOC), and particulate and dissolved lipids was examined in spring 1995 in the northwestern Mediterranean, where a transition from the end of a bloom to pre-oligotrophic conditions was observed. Four time series of 36 h each and 4 h sampling intervals were performed at 5 m and at the chlorophyll maximum (30 m) between 11 and 31 May. Simultaneous measurements of pigments, abundance of hetero-and autotrophic flagellates, bacteria and POC enabled the estimation of living POC (defined as autotrophic-C plus heterotrophic-C biomass), and thus the detrital organic carbon. During the first 2 time series (11 to 15 May), the bacterial-C biomass was higher than the autotrophic-C biomass at 5 m (ratio 1.4 and 1.7), whereas the opposite trend was observed in the chlorophyll peak (ratio 0.7 for the first cycle). However, at the end of May, autotrophic-C biomass was equivalent to bacterial-C biomass at both depths studied. The detrital pool remained a more or less constant fraction of the POC (52, 53 and 47% on 11-12 May, 14-15 May and 30-31 May) at the chlorophyll peak, whereas it decreased significantly with time (62 to 53%) at 5 m. Relationships between bacterial activities and evolution of available resources were not systematically evidenced from our 36 h diel cycle data. Nevertheless, at the monthly scale, comparison of bacterial carbon demand (BCD) to potential carbon resources (detrital POC and DOC) showed that bacteria fed differently on the various pools. From ectoaminopeptidase turnover rates and detrital POC, the potential hydrolysis rate of detritus was calculated. Depending on the choice of conversion factors for bacterial production and estimates of hydrolysis turnover rates, it was shown that bacterial hydrolysis of detritus could be one of the DOC accumulation sources. We observed that the percentage of BCD supplied by detrital POC hydrolysis increased in the surface and decreased in the chlorophyll peak. An index of lipid degradation in POC, the lipolysis index, increased during the month at 5 m, also indicating a higher hydrolysis of POC. The opposite trend was observed in the chlorophyll maximum layer. The selective decrease in dissolved lipids in DOC in the chlorophyll maximum layer, particularly free fatty acids, also suggests that bacteria utilized increased fractions of carbon sources from the DOC. We concluded that partitioning between DOC and detritus as resources for bacteria can change during the rapid transition period from mesotrophy to oligotrophy in the northwestern Mediterranean.
INTRODUCTION
The flux of carbon channelled through bacteria, i.e. the bacterial carbon demand (BCD), is calculated as the ratio of bacterial production to bacterial growth efficiency. Bacterial production is presently a commonly measured parameter (Ducklow & Carlson 1992) . By the use of biodegradation experiments or respiration rates, increasing data on bacterial growth efficiencies on a wide range of trophic conditions are available (del Giorgio & Cole 1998) . However, it is still difficult to estimate which carbon sources are used by bacteria, both in terms of origin and nature. Not only living particles provide dissolved organic carbon (DOC) from egestion, excretion and sloppy feeding processes (Jumars et al. 1989) ; detrital particles also provide DOC from bacterial ectoenzymatic hydrolysis and solubilisation processes (Smith et al. 1992 , Sempéré et al. 2000 . Numerous studies reveal the importance of ectoenzymatic activities in fueling DOC from particles and degrading dissolved polymeric material into an assimilable form (Hoppe et al. 1988 , 1993 , Chrost 1991 , Middleboe et al. 1995 . The contribution of a given chemical pool to BCD can be assessed by using chemical analysis of dissolved organic matter combined with radiolabelling techniques, for example carbohydrates (Skoog et al. 1999) , and free and combined amino acids (Hagström et al. 1984 , Keil & Kirchman 1999 . However, the chemical characterization of the whole DOC pool is far from known (Benner et al. 1992 , McCarthy et al. 1996 .
In addition, quality and quantity of carbon resources available for bacteria (Carlucci et al. 1984 , Jørgensen 1987 , Gasol et al. 1998 ) exhibit short-term variations due to various processes. On a short time scale, autotrophs have to change their metabolism with diel variations in light availability, and migrating organisms preying at night in surface waters modify the intensities of grazing and sloppy feeding. As a consequence, bacteria respond quickly to spatial and temporal variations in their environment by adapting their metabolism, like production (Zohary & Robarts 1992 , Gasol et al. 1998 , ectoenzymatic activity (Middelboe & Søndergaard 1993 , Bochandsky et al. 1995 , and utilization of molecules (Carlucci et al. 1984 , Jørgensen 1987 . On a seasonal scale, DOC accumulates in surface waters of the Mediterranean Sea during the stratification period (Copin-Montégut & Avril 1993) . Such accumulation allows transfer of organic material to the deep layers through diffusive processes and winter convection of DOC. Thus, determining to which extent bacteria will utilize suspended detrital particles rather than the one and only DOC pool is particularly important to the fate of organic carbon from the euphotic zone.
In May 1995, in the framework of France-JGOFS program, we examined bacterial processes during a multi-disciplinary cruise (the DYNAPROC cruise) studying physical, chemical and biological fluxes simultaneously at a high sampling frequency in the upper layers of the Mediterranean time series station Dyfamed (Andersen & Prieur 2000) . Reduced physical dynamics characterize this station, situated in the central part of the Ligurian Sea and generally out of the influence of the Ligurian Current. This station can be considered as typical of the whole northwestern Mediterranean Sea . Previous results indicated that transfer of organic material to deep layers takes place through diffusive processes and winter convection of DOC (18. , Miquel et al. 1994 ). In the frame of this program, our goal was to determine whether there were significant variations concerning potential carbon resources (DOC, particulate detritus), whether bacteria modified their activities according to the structure of the microbial food web and the available organic matter, and on what time scale could we observe such variations. For this, we recorded estimations of bacterial production, ectoaminopeptidase activity and microbial biomasses (bacteria, flagellates, pigments), particulate organic carbon (POC) and DOC at high frequency in the water column. Simultaneously, the lipid composition in POC and DOC pools, which indicated the degree of degradation of particles and DOC, was examined. We examined variations of these parameters on daily and weekly scales. To our knowledge, there is no direct way to determine the particulate detritus fraction in POC. Thus, we developed an approach combining distribution of diagnostic pigment, and epifluorescence counts of < 20 µm living components to accurately determine auto-and heterotrophic carbon biomass. Concentration of particulate detritus were then obtained by the difference between POC and living biomass. BCD was compared to potential hydrolysis of particulate detritus. This allowed us to relate the variability of bacterial properties on the diel and month scale to the characteristics of organic matter and the structure of the microbial food web.
MATERIALS AND METHODS
Sampling. Hydrological, chemical and biological parameters were recorded in the water column at the Dyfamed station (43°25' N, 07°52' E, 2350 m depth) following the drift of sediment traps during 4 cycles of 36 h each (C1: 11-12 May, C2: 14-15 May, C3: 27-28 May, C4: 30-31 May, 1995) . Time-series observations were assembled from serial hydrocasts through the upper 500 m made precisely every 4 h, from 10:00 h the first day until 22:00 h the second day (UT+ 2). Sunrise and sunset were, respectively, at 06:30 and 21:10 h (UT+ 2) during the cruise. Samples were collected using Niskin bottles at 2 depths: 5 m because the surface reference layer was assumed to be influenced by meteorological events (wind stress, rain) and because this is the layer where maximum light intensity occurs (50% incident light), and 30 m because this layer corresponded to the depth of the chlorophyll maximum established since the beginning of the cruise (3% incident light). Aliquots were taken immediately after recovery of water samples for measurements of biological and chemical parameters. The biological variables measured included the numbers of bacteria, cyanobacteria, phototrophic and heterotrophic nanoflagellates, bacterial production and ectoaminopeptidase activity. Biochemical variables were POC and DOC, particulate (PL) and dissolved (DL) lipids (DOC and DL were sampled every 4 h only for C1 and C3), and pigments. Whenever possible (twice during C1 and C2, and once during C3 and C4), bacterial activities and abundance of microbial populations were estimated along vertical profiles between 0 and 200 m depth.
Biochemical analyses. Pigments were analyzed by High Performance Liquid Chromatography (HPLC) and used herein to derive the concentration (in terms of chlorophyll a) of different phytoplanktonic groups (Claustre et al. 1994 ) and, in a second step, to convert them in terms of autotrophic carbon biomass. The chemo-taxonomic significance of the main diagnostic pigments is as follows: peridinin is the marker of dinoflagellates, 19'-hexanoyloxyfucoxanthin + 19'-butanoyloxyfucoxanthin (19' HF + 19' BF) of chromophyte nanoflagellates, alloxanthin of cryptophytes, fucoxanthin of diatoms, zeaxanthin of cyanobacteria, chlorophyll b of green flagellates, divinyl-chlorophyll a (Dv-chl a) of prochlorophytes. Detailed protocols of pigment sampling and analysis during the DYNAPROC cruise are available in Vidussi et al. (2000) .
For POC and PL analysis, 4 and 2 l samples, respectively, were filtered onto pre-combusted (450°C, 6 h) GF/F glass fiber filters. POC was determined using a LECO CHN 900 analyzer. Coefficient of variation (CV) inter-filter was within 2 to 10%. Particulate lipids were extracted from the filters according to the Bligh & Dyer (1959) protocol. Briefly, PLs were dissolved in a monophasic mixture of dichloromethane:methanol:water (1.25:1:0.8). Then, addition of water (final proportion 2:2:1.8) separated the mixture into aqueous and organic phases. Lipids were concentrated in the latter. Dissolved lipids were liquid-liquid extracted from the GF/F filtrate (2 l) by dichloromethane. From the particulate and dissolved extracts, lipid classes were separated on chromarods and quantified on a thin layer chromatography/flame ionisation detection Iatroscan TH10-MKIV apparatus according to Goutx et al. (1990) modified by Striby et al. (1999) . The compounds detected included reserve lipids (TG: triglycerides, and WE: wax esters), membrane lipids (ML), degradation metabolites of these acyl-lipids, namely free fatty acids (FFA), alcohols (ALC), diglycerides (DG) and monoglycerides (MG), and hydrocarbons. CV for particulate and dissolved lipids analysis was under 11 and 16%, respectively. In the present paper, we use the following information for characterizing the carbon pools and the degradation status of organic matter: total lipids (the sum of the different classes in dissolved fraction, DL, and in particulate fraction, PL, from which we subtracted hydrocarbons), triglycerides (TG), and the ratio of degradation metabolites to the entire acyl-lipids (FFA + ALC + DG + MG)/(TG + WE + ML). This ratio (the lipolysis index) was determined in dissolved and particulate phases, respectively LId and LIp. Carbon equivalents were estimated from the respective distribution of each lipid class.
Samples for DOC analysis were measured by high temperature combustion on a Shimadzu TOC 5000 Analyzer. Details of this procedure have been previously described (Dafner et al. 1999 , Yoro et al. 1999 . A 4-point calibration curve was performed daily with standards (83 to 332 µM C) prepared by diluting a stock solution of potassium hydrogen phthalate in Milli-Q water. The instrument blank ranged from 6 to 9 µM C and the error between 2 duplicate samples ranged from 3 to 10%.
Bacteria, cyanobacteria, nanoflagellates: epifluorescence countings. Samples for the enumeration of bacteria and protozoa were fixed with 2% buffered formalin filtered through 0.2 µm. Between 6 and 15 ml were filtered within 12 h after sampling on black Nuclepore filters (0.2 µm) that were subsequently stained with DAPI (4, 6-diamidino-2-phenylindole, final concentration 2500 µg l -1 ). Filters were mounted in Olympus immersion oil on slides and stored frozen until examination. On the same filter, we counted bacteria by image-analyzed epifluorescence microscopy (Van Wambeke 1995), and cyanobacteria (CYAN), heterotrophic nanoflagellates (HNAN), and phototrophic nanoflagellates (PNAN) by manual epifluorescence microscopy. For bacteria, up to 40 fields containing 50 to 80 bacteria each were counted (CV inter-field, 6 to 16%). CYAN were counted under blue light excitation. About 60 to 100 flagellates were counted per filter in random 10 mm strips (80 µm width). CV inter-strips were within 10 to 22%. HNAN were classified as all eucaryotic non-pigmented organisms less than 10 µm in size, and PNAN were identified as chlorophyll containing cells by their red autofluorescence.
Bacterial biomass (BB) was calculated from abundances using 20 fg C cell -1 (Lee & Fuhrman 1987 ). CYAN were dominated by coccoid forms with diameters ranging from 0.8 to 1.2 µm with a mean diameter of 0.9 ± 0.2 µm, and thus a mean biovolume of 0.45 µm 3 was used. Size spectra of nanoflagellates was established on some occasions from which we calculated an average biovolume of 6 µm 3 for HNAN and of 38 µm 3 for PNAN. Biovolume-carbon conversion factors were 250 fg C µm -3 for CYAN (Kana & Glibert 1987) and 220 fg C µm -3 for HNAN and PNAN (Børsheim & Bratbak 1987) .
Pigment-derived autotrophic biomass. The autotrophic carbon biomass was estimated by the chlorophyll a (chl a) content of the different taxonomic phytoplankton groups, taking into account the effect of photoacclimation on the chl a to carbon ratio for each category of phytoplankton.
The chl a concentration associated to each phytoplanktonic group was derived from pigment data using multiple regression analysis which calculates the ratio between chl a and the specific pigment for the different phytoplankton group. This approach was used and described in details in Vidussi et al. (2000) although in this latter paper, the empirical regression equation was realized on depth-integrated (0 to 200 m) diagnostic pigments.
The multiple regression equation is:
in which the terms in brackets are the concentration of pigments in ng l -1
, T chl a is the total chl a, and the terms a to f refer to the chl a /specific pigment ratio of the respective phytoplankton groups; d, e and f were imposed as constant values from the literature , whereas values a, b, c resulted from running the regression equation.
Since photoacclimation can result in both changes in chl a /specific pigment ratios and in the C/chl a ratio for each phytoplankton group (Cullen 1982) , we estimated for each depth (5 and 30 m), an equivalent chl a for each category of diagnostic pigment using multiple regression analysis. Therefore, taking into account the photoacclimation process, we realized the multiple regression analysis on 2 data sets: diagnostic pigments at 5 m depth and diagnostic pigments at 30 m depth. Results of multiple regression analysis are presented in Table 1 . No significant difference between the coefficients were obtained from regression using depthintegrated pigments reported by Vidussi et al. (2000) and those calculated from pigment concentrations at 5 and 30 m depth (this study), except for fucoxanthin at 5 m.
More effects of photoacclimation of phytoplankton species to irradiance were expected in the C/chl a ratios. We calculated depth-dependant C/chl a conversion factors for 5 and 30 m by comparison of PNAN carbon (obtained from epifluorescence) and diagnostic pigments. We assumed the 3 phytoplankton groups: chromophyte nanoflagellates (identified by 19' HF + 19' BF) + cryptophytes (identified by alloxanthin) + green flagellates (identified by chl b) to be representative of PNAN. We plotted the biovolume-based PNAN carbon biomass (see section above) against the sum of equivalent chl a concentration obtained from these 4 groups of pigments ( Fig. 1) The ratio of the slopes (120 and 35) differed by a factor of 3.5. Accordingly, we used different C/chl a ratios at 5 and 30 m, differing by this factor of 3.5, for other taxonomic phytoplankton groups (Table 2) , with respect to the range described in the literature (Durbin 1977 , Claustre & Gostan 1987 , Kana & Glibert 1987 , Claustre et al. 1994 , Vidussi 1998 . Bacterial production. Bacterial production (BP) was estimated by the thymidine method (Fuhrman & Azam 1982) . Duplicate samples (20 to 40 ml) and a blank (formalin-killed, 2% final concentration) were incubated with 20 nM [Methyl- ) for 2 to 4 h in sterile disposable plastic flasks at 15°C. Incubation was terminated with the addition of 2% formalin. Samples were filtered through 0.2 µm Nuclepore filters, extracted with ice cold 5% trichloracetic acid (TCA) for 15 min, and finally rinsed 3 times with 5% TCA. We preliminarily checked the conditions for linear incorporation and isotope saturation. We used the commonly cited conversion factor of 2 × 10 18 cells mol -1 thymidine incorporated as well as an average (0.84 × 10 18 cells mol -1
) of empirical factors reported for the western Mediterranean Sea by Fernán-dez et al. (1994) , Christaki & Van Wambeke (1995) , Gasol et al. (1998) and from experiments on biodegradation of DOC conducted in April 1995 in the area .
Ectoaminopeptidase activity. Hydrolysis of fluorogenic substrate was used to measure ectoaminopeptidase activity. The fluorescent analog L-leucine-4-methyl-7-coumarinylamide (MCA-leu) was added to 30 ml of water (1 µM final concentration) in sterile disposable plastic tubes and incubated for up to 5 h. During the incubation, subsamples were transferred to the quartz cuvette and fluorescence (excitation 365 nm, emission 445 nm) was read with a Kontron SFM 23B spectrofluorometer calibrated with MCA. Blanks consisted of 0.2 µm filtered seawater which was boiled for 15 min. MCA-leu hydrolysis rates were calculated by subtracting the rate of change in fluorescence of the blanks from the average rate of change in fluorescence of the duplicates. Mean reproducibility within duplicates was 3% and rate of blanks ranged from 0.5 to 4% of the mean response of duplicates. Activity was expressed in terms of fraction of the substrate hydrolyzed per hour (ectoaminopeptidase turnover rate [Hr] , in % h -1 ), as defined by Hoppe et al. (1988) . Statistical data treatment. A long-term trend was determined by linear regression of parameters with time and an F-test on slopes were performed. The depth of the chlorophyll peak did not always correspond to the 30 m depth. Thus, for the study of the long-term trend at 30 m depth, we selected only the data coinciding with the chlorophyll peak.
For estimating diel variability, day samples (10:00, 14:00, 18:00 h UT+ 2) were compared to night samples (22:00, 02:00, 06:00 h UT+ 2) and the significance of variations were tested using a Student's t-test after verification of homogeneity of variances. To be able to perform this test, we normalized the data. They were thus expressed in terms of percentage of the 36 h time series means when no trend with time was present, and divided by the fit to the tendency when a 36 h trend was significant.
RESULTS

Hydrodynamic and biological characteristics during the period of study
A period of calm characterized the first cycle (11-12 May). Until 13 May, the wind was low (less than 6 m s -1 ) and the cloud cover particularly weak before 10 May, resulting in a regular warming of the water mass (+185 W m -2 for the layer 0 to 30 m), which led to the stratification and phytoplankton development (Andersen & Prieur 2000) . A bloom termination was depicted (Fig. 2) around 11 of May, characterized by a narrow and high chl a peak (1.75 mg m -3
) and high primary production . On 13 May, a wind event occurred (up to 16 m s -1 ), just between C1 (11-12 May) and C2 (14-15 May) inducing the rising of isopycnals towards the surface and nutrient increase in the surface water. The in vivo fluorescence peak moved up from 30 to 20 m depth. Precipitation occurred between 11 and 12 May. During the end of the cruise, the cloud cover was maintained and generally, the wind speed was low (< 8 m s For the other groups, averages values of ratios C/chl a were taken from the literature and adjusted for 5 and 30 m depth in order to respect the 3.5-fold ratio (due to photoacclimation) obtained for nanoflagellates Table 2 . C/chl a ratios in phytoplankton species: average values reported in the literature, and estimated values at 5 and 30 m depth observed. After May 27, the warming up of surface layers was observed again and the depth of the thermocline was constant. The succession of the phytoplankton communities described by using diagnostic pigment was as follows. At the termination of the bloom, chromophyte nanoflagellates (mainly Prymnesiophytes) dominated the phytoplankton biomass (26 to 50%) except during the first wind event where diatoms (the other dominant group) became predominant within 24 h. Grazing accompanied by faecal pellet production by herbivorous zooplankton largely controlled the particle flux (Goutx et al. 2000) . During the second part of the observations (27 to 31 May), the chlorophyll biomass decreased and cyanobacteria contribution increased. The microzooplankton (ciliates) abundance and the grazing pressure on primary production were correlatively enhanced (Pérez et al. 2000) . Carnivorous species predominated in the zooplankton biomass.
Vertical profiles of bacterioplankton properties (abundance, production, ectoaminopeptidase activity) exhibited pronounced gradients in the upper 50 m (Fig. 3) . Sub-surface maxima, located near the chl a maximum, varied during the cruise between 20 and 45 m depth. The most striking feature of the profiles was the superimposition of bacterial abundance, bacterial production and ectoaminopeptidase activity with PNAN ( Fig. 3) and CYAN abundance (data not shown). Thus, maximum bacterial abundance was always situated near the chlorophyll maximum and reached up to 2 × 10 9 cells l -1 the 11, 12 and 14 of May. After the wind event of 13 May, as the chlorophyll peak shifted to shallower layers, all categories of pico-and nano-sized organisms accompanied this feature, as well as bacterial activities and biomass. ) biomasses were high during 11-12 May (C1) and then decreased slightly (Table 3) . Chl a and CYAN followed the same trend but increased again at the end of the month.
Time series of biological and chemical parameters
Figs. 4 to 8 display time series of CYAN, PNAN, HNAN, bacterial numbers, ectoaminopeptidase activity, thymidine incorporation rates, POC, DOC, particulate and dissolved lipids obtained at 5 and 30 m from 11 May to 31 May. Table 4 shows the means and percentages of variation in some of these parameters during each 36 h diel cycle and the significance of the trend with time on a monthly scale.
Photosynthetic microorganisms
In the surface layer (5 m), CYAN abundance (1.2 to 7.4 × 10 4 cells ml Table 3 . Integrated biomasses of bacteria, heterotrophic nanoflagellates (HNAN), phototrophic nanoflagellates (PNAN), cyanobacteria and chl a content (0 to 200 m). All profiles made at 14:00 h ima layer (30 m), high amplitudes of both organisms were observed during C1. Due to the new position of chl a peak at 20 m, an important decrease of abundances was observed at 30 m at C2. During C3 and C4, CYAN abundance increased again but still exhibited high amplitudes. At this depth (30 m), significant changes between day and night samples were observed for PNAN during C1 and C3 (p < 0.05). On the monthly scale however, without data out of the chl a peak (see 'Materials and methods'), CYAN significantly increased (p < 0.01) while PNAN significantly decreased (p < 0.01).
Heterotrophic biomass and activities
Bacterial numbers often exceeded 1 × 10 6 bacteria ml -1 . The bacterial biomass ranged from 1.65 to 3.20 µM C at 5 m (Table 4) . At this depth, bacterial number, HNAN, and thymidine incorporation rates decreased significantly through the period of study whereas a positive trend characterized the ectoaminopeptidase turnover rate (Hr) (Figs. 5 & 6, Table 4 ). Bacterial biomass ranged from 1.0 to 4.1 µM C at 30 m. At 30 m, the monthly scale trend was unsignificantly different from zero for bacterial abundance and production whereas it was negative for HNAN abundance and ectoaminopeptidase turnover rate (Table 4) . At each 36 h cycle and at both layers studied, variation of thymidine incorporation rates and ectoaminopeptidase activity were higher than those of bacterial numbers. Coefficients of variations around each 36 h time series ranged from 15 to 35% for thymidine incorporation rates, from 9 to 45% for ectoaminopeptidase activity, and from 8 to 22% for bacterial numbers. Ectoaminopeptidase turnover rate and thymidine incorporation rates were positively correlated at 30 m (r = 0.72, n = 38); however, at 5 m depth, correlation was unsignificant (r = 0.15, n = 39) mostly because production and ectoaminopeptidase activity were in an opposite phase at the end of the month (Fig. 6) . Significant difference between day and night samples characterized HNAN during C4 at 5 m, C2 and C3 at 30 m, and thymidine incorporation rates during C1 at 5 m (p < 0.05 for all comparisons).
POC and lipid content POC concentrations varied from 6.4 to 20 µM C and decreased significantly with time in both surface and chlorophyll maxima layers. Particulate carbon-lipids (C-PL) varied from 0.5 to 7.2 µM C at 5 m and from 0.4 to 7.9 µM C at 30 m, but decreased significantly with time only at the surface (Fig. 7, Table 4 ). In the surface layer, C-PL exhibited peaks around 10:00 h although there was never a significant difference between night and day. Means of lipid contribution to POC decreased In Figs. 4 to 8, the x axis is represented as follows: each 36 h time series begins at 10:00 h (UT+ 2) and ends at 22:00 h (UT+ 2) the following day, and includes 10 points on a linear scale (10:00, 14:00, 18:00, 22:00, 02:00, 06:00, 10:00, 14:00 18:00, and 22:00 h). Shaded area corresponds to night. Note that the x scale is not linear with time between each 36 h time series (28% at the beginning of the study, 14% at the end) but not significantly with time in the surface layer while the lipolysis index (LIp), a tracer of acyl-lipid transformation under enzymatic hydrolysis (Goutx et al. 2000 , Striby 2000 , increased significantly during the month (Table 5) . At 30 m, the lipid content in POC was lower than in the surface during C1 and did not change significantly with time. The LIp was higher at this depth than in the surface layer except at C3. At the end of the month particulate lipids measured at both depths were equivalent (Table 4) , both in absolute values and in percent relative to POC.
DOC and lipids
High frequency sampling of DOC and dissolved lipids was restricted to C1 and C3, but on some occasions DOC was measured outside these periods. DOC concentrations varied in the range of 51 to 142 µM (Fig. 8) . Highest values were observed for C3 cycle at 5 and 30 m. Averaged DOC concentrations were 90 ± 25 µM C at 5 m and 91 ± 24 µM C at 30 m and were in agreement with DOC data reported for the Dyfamed station or more generally in the northwestern Mediterranean (Copin-Montégut & Avril 1993 , Cauwet et al. 1997 , Yoro et al. 1997 . Both layers showed similar high frequency variability. At both layers studied, maximum differences between 2 successive DOC samples (4 h) amounted to 74 µM, but on average they ranged from 19 to 30 µM according to the layer and the cycle studied. Concentrations of dissolved carbon-lipids (C-DL) varied from 1.3 to 14 µM. In the surface layer, C-DL represented on average 6.3 ± 4.9% of DOC. In the chlorophyll maxima, it decreased from 4.4 ± 2.8 to 2.5 ± 0.9% (Table 5 ). The lipolysis index (LId) was much higher at 30 m than at 5 m (Table 5 ) during C1. Dissolved triglycerides (TGd) (data not shown) exhibited a large variability at 5 m (2.2 ± 1.5 to 2.7 ± 2.7 µg l -1 for C1 and C3, respectively) while concentrations decreased at 30 m (5.4 ± 3.8 to 2.7 ± 1.0 µg l -1 ). There was no significant trend observed on the monthly scale for dissolved lipids while DOC significantly increased with time at 30 m (p < 0.05, Table 4 ), but did not change significantly at 5 m. Significant increases between day and night samples were observed for DOC during C3 at 5 and 30 m. No differences between day and night values were observed for total dissolved lipids; however, dissolved triglycerides (TGd) at C1 and C3 showed consistent peaks around 10:00-14:00 h in most cases and decreased at night at 5 m. At this depth at C1, TGd exhibited an inverse correlation (p < 0.001, Fig. 9 ) with bacterial production, from 14:00 h (May 11) to 06:00 h (May 12). Assuming that TGd were hydrolysed through bacterial activity and that the sources of TGd during that period were negligible compared to TGd degradation, we were able, from decrease of TGd concentrations with time, to estimate a turnover of 3.6 d -1 .
Contribution of heterotrophic and autotrophic biomasses to POC
Bacterial biomass (BB) constituted on average 20 ± 4% of POC in surface waters and 21 ± 6% at 30 m Table 4 Fig. 9. Evolution of bacterial production (BP) and dissolved triglycerides (dTG) during cycle C2, 11-12 May at 5 m (Table 6 ), assuming that all bacteria were retained on the GF/F filters. Bacterial biovolume during the period of the study (post bloom conditions) was relatively large (0.08-0.11 µm 3 ) and was in the size range of bacteria retained by the GF/F filter (Lee & Fuhrman 1987) . Heterotrophic nanoflagellates, the highest category of heterotrophic organisms in terms of carbon after bacteria, constituted only 2 ± 0.5 and 2.2 ± 1.1% of POC at 5 and 30 m, respectively.
As expected, after computation of autotrophic biomass with the depth-dependant conversion factors, autotrophic biomass appears then not so much different (in terms of carbon) between surface and chlorophyll maximum layer. The difference which still existed during the termination of the bloom observed on the beginning of the cruise (11-12 May: 2.2 ± 1.0 µM C at 5 m, 4.0 ± 1.6 µM C at 30 m), then disappeared (30-31 May: 2.0 ± 0.2 µM C at 5 m, 2.5 ± 0.6 µM C at 30 m). Autotrophic biomass ranged 8 to 28% of POC at 5 m, and 5 to 36% within the chlorophyll maximum (30 m).
At 5 m, bacterial biomass exceeded autotrophic biomass until mid-May (average BB/AUTO ratio 1.4 ± 0.8 and 1.7 ± 0.5 for C1 and C2, respectively, Table 6 ). In the chlorophyll maximum layer, autotrophic biomass was higher than bacterial biomass when chl a peaked at the beginning of the cruise (BB/AUTO ratio 0.7 ± 0.2 during C1). After mid-May the ratios reached values close to 1 (27-28 May and 30-31 May) at both depths.
The sum of autotrophic biomass, BB and HNAN biomass was assumed to represent living POC. Non-living POC (i.e. the difference between POC and living POC) represented in most cases more than 50% of POC. Significant (p < 0.01) long-term decrease was obtained for POC, non-living POC and percentage of non-living POC in POC at 5 m during the course of the study (Tables 4 & 6) . At the chlorophyll peak, the same pattern was observed for all parameters except the latter, which showed no tendency.
Potential hydrolysis of non-living POC
In an attempt to point out the origin of bacterial carbon resources, we estimated a flux of potential hydrolysis (PH) of particulate detritus by multiplying ectoaminopeptidase turnover rates with the calculated non-living POC. The resulting flux ranged from 5 to 15 nmol C l -1 h -1 at 5 m and 2 to 39 nmol C l -1 h -1 at 30 m. There was a significant (p < 0.01) decrease of this flux with time at 5 m depth and in the chlorophyll peak during the course of the study.
DISCUSSION
Estimates of carbon from living biomass and detritus
Living biomass
To avoid problems related to carbon/chl a conversion factors for the autotrophic biomass estimate (Li et al. 1992 , Buck et al. 1996 , we took into account both phytoplankton species composition and photoacclimation. At the chlorophyll maximum depth, the peak of autotrophic biomass can be strongly dampened when converted in terms of carbon through a C/chl a conversion factor that considers photoacclimation (Taylor et al. 1997) . We found that the C/chl a ratio between the 50% light level (5 m) and the 3% light level (30 m) differed by a factor of 3.5. This value fell in the upper range of values reported by Geider et al. (1997) in their model at 15°C. Similarly, Li et al. (1992) and Campbell et al. (1994) used the factor 3 between the deep maximum chlorophyll layer and the surface mixed layer. Heterotrophic living biomass was estimated as bacterial + heterotrophic nanoflagellate biomasses. As ciliates represented only 3% of BB (6.3 mmol C m Table 6 . Means (SD) during each 36 h diel cycle and trends in long-term time series. BB/AUTO: carbon ratio of bacterial biomass to autotrophs, BB/POC: bacterial biomass-C to POC percentage, NL POC/POC: non-living particulate organic carbon/POC percentage. nd and code for trends as in Table 4 oligotrophic, bacterial numbers often exceeding 1 × 10 6 bacteria ml -1 . The appropriateness of the 20 fg C cell -1 factor was further confirmed by applying the carbon to volume relationship cited in Norland (1993) to our measured biovolumes (ranging from 0.08 to 0.11 µm 3 ). Another potential problem might be an overestimation of bacterial abundance counted by epifluorescence microscopy due to interference with Prochlorococcus cells. However, during the cruise, the abundances of Prochlorococcus were estimated by Martin (1997) using flow cytometry, and ranged from 0.7 to 1 × 10 4 cells ml -1 , less than the error of bacterial counts.
Detrital carbon
Direct estimation of detrital organic fraction in POC, to our knowledge, has not yet been reported. Indirect estimates of particulate detritus have been tentatively depicted in an approach combining transmissiometry and cytometry (Chung et al. 1998 , Claustre et al. 1999 ). Non-living organic detrital particles were estimated to account, on average, for 50% (20 to 60%) of the beam attenuation coefficient of particles in surface layers (0 to 200 m) of the equatorial Pacific (Chung et al. 1998 ) and 43 to 55% along 150°W in the Pacific Ocean (Claustre et al. 1999) . But these methods, while promising because usable with a high frequency of sampling, are still unable to determine detrital carbon. Direct estimates of detrital particles have been made by counting DAPI-yellow particles (Mostajir et al. 1995) , or some transparent exopolymer particles (Passow & Alldredge 1994), but conversion of particle abundance in terms of carbon still suffers from problems caused by conversion factors. Our approach consisted of an estimation of the detritic carbon by subtracting living POC from total POC. By considering assumptions and cautions used in the estimation of autotrophic and heterotrophic biomass, we found that in most cases more than half of the POC was in a nonliving form. Extreme values ranged from 33 to 83%. Our values are thus of the same order as those of Cho & Azam (1990) for bulk seawater (the ocean's euphotic zone), where bacterial biomass + autotrophic biomass comprised about 50% of the POC. Higher values have been described in a diatom-based marine snow, where non-living POC represented 87 to 99% of the total aggregate carbon (Simon et al. 1990 ).
Evolution of the trophic web
During the period of observation at the Dyfamed site, a transition from mesotrophy to oligotrophy was depicted through the evolution of nutrients, primary production and diagnostic pigments (Andersen & Prieur 2000 . The culminating and declining phytoplankton bloom phases were observed (Andersen & Prieur 2000 . Abundance and biomass of bacteria and cyanobacteria were within the upper range reported for comparable offshore regions of the Mediterranean Sea (Fernandez et al. 1994 , Yoro et al. 1997 , Pedros-Alio et al. 1999 at the beginning of the study. While the numbers of bacteria HNAN and PNAN decreased, the rather constant number of cyanobacteria depicted the same evolution of the system towards oligotrophy.
With the precautions taken to determine the autotrophic and bacterial biomass, we observed few variations in the relative contributions of these 2 biomasses. The ratio BB/AUTO ranged from 0.7 to 1.7, much lower than those (up to 6) reported by Cho & Azam (1990) , who used a constant C/chl a ratio of 50. Autotrophic biomass exeeded bacterial biomass at the beginning of the cruise in the chl a peak, but not at 5 m. Then, the ratio evolved towards an equilibrium between heterotrophic and autotrophic biomasses during the month. It seems, from our data and those of Buck et al. (1996) , that high disequilibrium towards heterotrophy observed in oligotrophic environments could be due to an inappropriate choice of conversion factors as discussed above. However, true oligotrophic conditions did not prevail at this time, which was depicted as preoligotrophy. The other conclusion drawn from our data is that ratios estimated only from surface values (interesting because they allow high frequency of sampling by continuous pumping during ship transects) are not necessarily representative of the other layers in the euphotic zone.
During the course of the study, the ratio of non-living POC to total POC significantly decreased with time in the surface but remained unchanged in the chl a peak. This suggests a different evolution in the functioning of the food web at these 2 layers. The non-living POC to total POC ratio has been shown to decrease with the number of trophic levels in top-down manipulated mesocosms (Christaki & Van Wambeke 1995) , a lower ratio suggesting that non-living POC turns over more rapidly in complex food webs. It is thus likely that more oligotrophic conditions, appropriate for the development of more complex microbial food webs, induced an optimal use of available detrital particulate carbon in the surface.
Short-scale variability
During the cruise, bacterial properties were tightly coupled to autotrophs (Fig. 3 ) which have to modify activity and physiology with light availability. Day/ night periodicity also was an important parameter regulating zooplankton feeding activity on autotrophs (Goutx et al. 2000) . In this context, we expected to observe changes in bacterial carbon sources and feeding strategies on the diel scale. Overall, diel variability of bacterial biomass (CV values ranging from 8 to 22%) was lower than that of bacterial production (CV ranging from 15 to 35%). The net trends of bacterial biomass over each 36 h diel study were much lower than time-integrated bacterial production rates, and sometimes negative, showing evidence of an active regulatory mechanism of bacterial populations. Preypredator relationships might be involved. Indeed, heterotrophic nanoflagellates were observed, although not systematically, in opposition of the phase with bacteria (C2, 5 m). Conversely, predation of higher organisms like ciliates certainly accounted for the regulation of nanoflagellates numbers (Gonzalez et al. 1988 , Perez et al. 2000 .
Bacterial production was shown to be significantly higher at night only during C1 at 5 m depth, but neither the day-night difference nor the occurrence of peaks at a particular time of the day were reproducible on all cycles studied. Nevertheless, the daily cycle of bacterial production should be expected with integrated values on the entire thickness of the chlorophyll peak. In the western Mediterranean, Gasol et al. (1998) observed an increase in bacterial production in the bulk deep chlorophyll maximum layer around noon, but this signal was not visible at the different discrete depths because of microscale vertical variability. However, this daily variation in bacterial production was not observed at all the stations studied by these authors and was better reflected by data from the leucine method than by data from the thymidine method that we used. Moreover, in the eastern Meditterranean (Zohary & Robarts 1992) , thymidine incorporation per cell exhibited a diel pattern when absolute rates did not.
Diurnal variations of protease activity have been described in lakes (Halemejko & Chrost 1986 ) and in seawater (Middelboe & Søndergaard 1993 , Bochandsky et al. 1995 . On the contrary, in a long-term study in the Bay of Villefranche (northwestern Mediterranean), aminopeptidase activity did not show any clear trend related to daytime (Karner & Rassoulzadegan 1995) , as was the case in our study. Bochandsky et al. (1995) and Christaki & Van Wambeke (1995) reported that zooplankton activity enhances ectoproteolytic activity in experiments. The influence of night migration was particularly evidenced during C3; carnivorous zooplankton species migrated at night and were responsible for an episodic pulse of particulate lipids into sediment traps (Goutx et al. 2000) . During C3, bacterial production and ectoaminopeptidase activity were also high on both nights investigated.
Lack of diel periodicity for bacterial activities was also observed in marine systems influenced by tidal mixing, sediment resuspension or fronts . The Dyfamed site is usually situated outside the influence of the coast and of the Ligurian Current. Andersen & Prieur (2000) demonstrated that horizontal advection in the euphotic zone remained weak during the period of the study but some vertical motion due to Ekman pumping existed. In addition, meteorological conditions (rain, cloudy days, winds) superimposed their effects on diel variability and consequently, probably prevented us from obtaining reproducible diel patterns (Coffin et al. 1993) .
Under those conditions, relating bacterial activities to evolution in their resources was not systematically possible on a short-time scale. For example, high frequency variability of DOC was observed at 5 and 30 m, which seems to indicate the transitory imbalances between sources and fates of DOC (Carlson & Ducklow 1995) . Possible sources of DOC are exudation from phytoplankton, release from zooplankton excretion (Jumars et al. 1989) , and dissolution of particles through biotic and abiotic processes (Sempéré et al. 2000) , whereas consumption needs to be attributed to bacterial assimilation followed by incorporation in the microbial loop or lost as CO 2 through respiration. Computation of bacterial growth efficiency (BGE) from bacterial production rates and periods of net DOC decrease, even with the more favourable thymidine conversion factor (2 × 10 18 cells mol -1 ), would lead to BGE as low as 0.1%. Even if exceptionally low values of BGE have been reported in oligotrophic areas (Cherrier et al. 1996) , published values are in most cases 10 times higher than this value (del Giorgio & Cole 1998). By considering integrated DOC variations in order to avoid problems caused by short-term evolution in vertical structures, Gasol et al. (1998) were successful in explaining decreases of DOC, but were not able to explain abrupt increases in DOC. Strong variations on short-time scales have also been attributed, not only to biological activity, but also to horizontal advection and biological patchiness (Kepkay & Wells 1992) . We also considered 1 additional hypothesis to explain DOC variations, i.e. the abiotic formation of exopolymeric particles as reported by Kepkay & Johnson (1988) , that would contribute to DOC removal together with bacterial production and respiration which often accompany such processes. Indeed, agregation/disagregation characterized small scale variation in organic matter distribution in the water column at the time of sampling (Stemmann et al. 2000) , and large agregates sedimentation was observed (Goutx et al. 2000) .
Variations in some particular components of DOC, however, indicate a strong coupling with heterotrophic bacteria on a time scale of a few hours. For example, in surface waters during C1, the inverse correlation between dissolved triglycerides (TGd) and bacterial production (Fig. 9 ) revealed specific utilization of these compounds by bacteria. Simultaneous release of TGd hydrolysis products (free fatty acids) suggested that bacterial hydrolytic enzyme activity was responsible for TG degradation. Calculated TGd turnover rate (3.6 d -1
) fell within the range reported for highly degradable molecules, indicating efficient substratebacterial affinity (Kiel & Kirchman 1999) .
Partition between bulk DOC and non-living POC for bacterial resources
We also found in lipid indices, indications of evolution in utilization of DOC on longer scales. The selective decrease in dissolved lipids compared to the bulk DOC pool observed in the chl a peak also suggests that bacteria utilized increased fractions of carbon sources in the DOC. This was also seen through the free fatty acid fraction in DOC, which decreased from 1.08 to 0.27%. The lipolysis index, determined in the particulate fraction, demonstrates also to some extent these trends: It remained quite constant at 30 m depth (0.31-0.39), indicating that detrital POC had no time to accumulate, and thus to be modified in quality by bacterial degradation; thus the products of lipid hydrolysis (free fatty acids) stayed equilibrated compared to the substrates of hydrolysis (lipid esters). In contrast, at 5 m, the lipolysis index of POC increased (from 0.23-0.21 at C1 and C2 to 0.38-0.32 at C3 and C4), indicating an increasing hydrolysis of POC.
To confirm these hypotheses, we made a tentative carbon budget to examine the origin of bacterial carbon resources. BP was calculated by using both the theoretical and empirical values which cover the best probable estimates of bacterial production calculated using thymidine technique in the western Mediterranean (see 'Materials and methods'). BCD was calculated from BP assuming a 20% BGE, which is an average value in open-sea oligotrophic systems (Carlson & Ducklow 1996 , del Giorgio & Cole 1998 and in the Mediterranean (Zweifel et al. 1993 . Carbon resources used by bacteria to satisfy BCD were partitioned between detrital POC and DOC, and we considered a third pool, ultralabile DOC. Ultralabile DOC turns over on a time scale of few hours and was assumed to have no time to accumulate in bulk DOC. Typically, most of the molecules included in this ultralabile pool are sugars, amino acids (free and combined) and lipid moieties, and most commonly, molecules issued from rapid hydrolysis. Taking into account data from Skoog et al. (1999) , Kiel & Kirchman (1999) and references therein, we considered that up to 40% of the BCD should come from this ultralabile pool in oligotrophic environments (the sum of DFAA + DCAA 15 to 25%, glucose 5%, labile polysaccharides 10%, ultralabile lipids and other labile compounds 5%). Thus, to satisfy BCD, the remaining 60% must be met by semi-labile pools, i.e. bulk DOC or detrital POC.
Measuring detritus degradation rates remains difficult. Most estimates are made on batch incubations (Jahnke & Craven 1995 , Sempéré et al. 2000 , which are time-consuming and thus inappropriate for high frequency studies. Fluorescent analogs like MCA-leu are easier to manipulate although their significance concerning fluxes remains unclear (Crottereau & Delmas 1998 , Jørgensen et al. 1999 , Lamy et al. 1999 ). Nevertheless, Hoppe et al. (1993) calculated an in situ hydrolysis rate of particulate organic nitrogen (PON) by combining ectoaminopeptidase turnover rates determined with MCA-leu as substrate and concentrations of PON. Based on this model, our Hr values derived from MCA-leu hydrolysis (mean 0.038 ± 0.014 d -1 , n = 78) fell in the lower range of turnover rates of the slowly degradable pool of POC calculated from experiments investigating the biodegradation of particles in the area (0.045 to 0.13 d -1 , Sempéré et al. 2000) . These values are also in the same order of magnitude as the lower range of the turnover rate (0.03 d -1 ) of a glucosylated protein (Keil & Kirchman 1999) assumed to represent a pool of 'limited bioreactivity'. In order to explore the best probable estimates of hydrolysis fluxes, we additionally computed hydrolysis of detrital POC by using a constant value for the hydrolysis rate (0.13 d -1 ) which corresponded to the higher value cited for the semi-labile pool (Keil & Kirchman 1999 , Sempéré et al. 2000 . By applying both these constants (our Hr measured with MCA-leu and 0.13 d -1 ) to non-living POC, we assumed this pool as 'semi-reactive'. Note that accordingly, the ultralabile pool was considered separately.
Both thymidine conversion factors and hydrolysis turnover rates influenced the carbon budget. We computed the 2 extremes: (1) BCD at a maximum with the higher thymidine conversion factor and PH at a minimum with the lower hydrolysis turnover rate, (2) BCD at a minimum with the lower thymidine conversion factor and PH at a maximum with the higher hydrolysis turnover rate. Using 2 × 10 18 cells mol -1 as the thymidine conversion factor for bacterial production and using Hr computed from our MCA-hydrolysis rates, the potential hydrolysis of non-living POC (PH) was always lower than the BCD. The PH/BCD ratio ranged from 7 to 30%. PH/BCD ratio increased from 11 to 18% in surface layers, and decreased from 30 to 7% in the chlorophyll peak. Assuming that the ultralabile pool fueled 40% of the BCD, the percentage of BCD coming from bulk DOC utilization amounted to 100% -40% -(7 to 30%) = 30 to 53%. Thus in these cases bacteria also used the bulk DOC pool.
Using 0.8 × 10 18 cell mol -1 as the thymidine conversion factor for bacterial production and using 0.13 d -1 as hydrolysis turnover rates, the PH/BCD ratio increased from 105 to 135% in surface layers, and decreased from 106 to 69% in the chlorophyll peak. Thus, in that case, in both layers the BCD is satisfied by both hydrolysis of the detrital pool and ultralabile pools, and some excess release is attained. This excess solubilization, calculated as PH -[BCD × (100% -40%)] would range from 0.07 to 0.7 µM C d In both extreme cases studied, the changes in the way these different sources were shared evolved during the month and also differed between the 2 depths studied. The percentage coming from detrital POC hydrolysis increased in the surface layer and decreased in the chlorophyll peak. If the BGE constant was set at another value, this would not modify the tendencies over the month, but would just decrease (or increase) relatively the contribution of detritus hydrolysis to BCD and increase (or decrease) that of bulk DOC. However, the assumption that BGE is constant on a short time scale is not necessarily true (Middelboe & Søndergaard 1993 , Zweifel et al. 1993 , and it is also probable that the modifying trophic status over the month would also change the participation of ultralabile DOC to BCD. Nevertheless, the tendencies that we observed by examining how different sources used by bacteria are shared is consistent with the hypothesis that we made from variations in the lipolysis index, C-DL/DOC and TGd/DOC ratios in particulate and dissolved fractions.
In the water column, the surface layer and chlorophyll peak appeared as independent zones in which bacteria adapted differently during transition to preoligotrophic conditions. In most cases more than half of the POC was in a non-living form. An examination of carbon budgets revealed that potential sources issued from POC hydrolysis are not negligible, and to some extent release of DOC from detritus could occur. The relative share of bulk DOC and detrital POC as carbon resources for bacteria could vary on a monthly scale. The most striking feature was that in the chlorophyll maximum, the potential availability of detrital POC sources decreased whereas it increased in the surface layer. We demonstrated that combining the approaches used herein with correct conversion factors for BP, BGE and appropriate markers to estimate polymers hydrolysis could help in determining the origin of food resources for heterotrophic bacteria, and the fate and turnover of detrital POC on short time scales.
